Lanka Mineral Sands Ltd (LMS), a government-owned company, has been mining mineral sands including monazite which contains thorium (Th) at Pulmoddai, Sri Lanka since 1957. Th emits alpha particles on decay and gamma rays are emitted by the daughter products. The cytokinesis-blocked micronucleus (MN) assay is popular for large scale radiation exposure studies as it is an easy, fast and reliable method of biodosimetry. The objective of the study was to determine the frequency of micronuclei among persons residing in the vicinity of LMS. A cross-sectional study was conducted from November 2012 to September 2016 among persons 35-45 years of age to evaluate the frequency of micronuclei in peripheral blood lymphocytes. Fifty-three employees of LMS factory, 25 residents within 5 km from LMS, 25 residents 20-25 km from LMS and 29 residents from >50 km away from LMS were included in the study. The highest median frequency of micronuclei per 1000 binucleated (BN) cells was in the group residing within 5 km from LMS with a median (IQ range) of 0.67 (0.17-2.17). The median (IQ range) of MN frequency of employees of LMS, residents 20-25 km from LMS and residents >50 km from LMS were 0.66 (0.16-1.16), 0.33 (0.00-0.67) and 0.33 (0.33-0.67), respectively. There was no significant difference in the MN frequency between employees of LMS and the group residing within 5 km from LMS. Being a resident of Pulmoddai and being exposed to X-rays were significant predictors of MN frequency. Persons residing within 5 km from LMS had a higher risk of MN formation irrespective of being employed at LMS.
Introduction
Micronuclei are chromatin particles that originate from acentric fragments of the chromosome or whole chromosomes that lag behind in anaphase and do not incorporate into a daughter nucleus thus forming a smaller nucleus having similar staining properties as the nucleus (1) . Cytokinesis-blocked binucleated (BN) cells are used for scoring micronuclei (1) . A large-scale review has reported the micronucleus (MN) frequency to be 6.5 per 1000 BN cells among the normal population (2) . The frequency of micronuclei differs in individuals depending on a host of factors including age, gender, dietary factors and exposure to DNA breaking agents such as ionising radiation and chemicals (3, 4) . In addition, MN frequency is a predictive biomarker of cancer risk (5) .
Dosimetry is used to monitor radiation exposure in persons employed in industries at risk of being exposed to ionising radiation (1, 6, 7) . Physical dosimetry assesses the dose received by a person using detection equipment (6) . Biodosimetry is used along with physical dosimetry to measure exposure to radiation but biodosimetry assesses the end result or the biological effect which is better in the case of chronic long-term low-dose exposure where physical dosimetry measurements will not be available (1, 6) . The individual radiation damage quantified by biodosimetry allows the measurement of variability of individual radio-sensitivity (1, 8) . Ionising radiation induces formation of acentric chromosome fragments and to a smaller extent mal-segregation of the whole chromosome (9) . Chromosomal damage in lymphocytes has been studied extensively in this regard. Assessment of dicentric chromosomes in lymphocytes is considered the gold standard (10) of the array of assays available for biological dosimetry but it is more time consuming and needs expertise for evaluation of metaphases than MN assays making MN assays more suitable in large scale studies on exposure (10) . The process is faster, scoring is much easier and micronuclei are assessed in a larger number of cells (11) . Both types of chromosomal damage induced by ionising radiation can be assessed by MN assay (12, 13) . About 15% of radiation that humans are exposed to is from the medical or the nuclear industry, the rest being due to natural radiation (14) . Exposure to natural radiation in most cases is of little or no concern to the general public, but in certain situations the introduction of health protection measures needs to be considered, for example when living or working in an area where the level of radioactivity is significantly high due to naturally occurring radioactive materials or in the case of industries that deal with naturally occurring radioactive material (15) .
Sri Lanka sits on a placer deposit of Monazite which contains thorium (Th) (16) . Th emits alpha particles on decay and gamma rays are emitted by the daughter products. Lanka mineral sands ltd (LMS), a government owned company, has been mining mineral sands for rare earth minerals. LMS provides employment to a large number of residents of Pulmoddai who otherwise mainly rely on fishing and agriculture. Concerns of radiation and health effects due to exposure to radiation from radionuclides in the mineral sand have been raised only very recently (17) . No assessment of health risks related to accumulation and exposure to radionuclides in mineral sands in this site has been carried out until now. The objective of this study was to determine the frequency of micronuclei in lymphocytes of residents in the vicinity of the mineral sand processing factory in Pulmoddai, Sri Lanka.
The study participants were selected between 35 and 45 years of age to allow for adequate exposure especially among those employed at LMS while negating the effect of age as MN frequency increases with age (18) (19) (20) . The increase in spontaneous MN frequency with age has been attributed to increase in chromosomal instability with age due to changes in chromosome structure and function, and impairment of DNA repair mechanisms (9,11).
Methods
A cross-sectional study was conducted from November 2012 to September 2016 among persons 35-45 years of age. Four study areas were identified which included LMS, an area within 5 km of the LMS, an area between 20 and 25 km from the LMS and an area about 50 km from LMS. The names of all persons aged 35-45 years were abstracted from the electoral list maintained by Grama Niladhari (smallest administrative unit in the country) officers and entered into a database. A random sample of 100 individuals in each of the four study areas was invited for screening. Based on the responses to the screening questionnaire, all eligible persons were listed and a random sample taken for the main study. The inclusion criteria were age between 35 and 45 years and being apparently healthy. The exclusion criteria were a past medical history of longstanding chronic illnesses and/or malignancies and history of exposure to computerised tomography. Gender, smoking status, exposure to any genotoxic chemicals or X-rays were recorded for each of the participants.
Sampling
A minimum sample size of 38 persons within 5 km of LMS (including in the LMS) and 38 persons living beyond 20 km from the LMS were required to detect a mean difference of 0.75 micronuclei per 1000 BN cells between the two groups assuming that the population variance of micronuclei is 1 per 1000 BN cells (21, 22) , a two-sided alpha error of 0.05 and a power of 90% (23) .
After obtaining informed written consent, each participant was assigned a unique personal identification number. A questionnaire to obtain socio-demographic information and other details was administered by the research team which included information on gender, ethnicity, smoking status and exposure to any genotoxic chemicals or X-rays. About 10 ml of blood was drawn by venipuncture into a sterile heparinised tube. The specimens were transported by road in a cool box to the Biodosimetry laboratory at the Faculty of Medicine, University of Kelaniya at Ragama within 12 h of collection, and cultured.
Culturing, processing and scoring of lymphocytes RPMI-1640 (Sigma-Aldrich Co, St Louis, MO) culture medium was used and supplemented with L-glutamine (Sigma), heparin (Sigma) and antibiotics (penicillin and streptomycin) (Sigma). Cell growth was supported by foetal calf serum (Sigma).
About 0.5 ml of blood was added to each of two culture bottles containing 5 ml of complete medium and antibiotics. One hundred and fifty microlitres of phytohaemaglutinin (Sigma) was used as the mitogen (PHA type M). Fifty millilitres flat bottom disposable sterile containers were kept with loosened caps and incubated at 37°C with 5% CO 2 . The temperature was maintained between 37.0 ± 0.5°C.
Fifty microlitres cytochalasin B (Sigma) was added to the culture (6 µg/ml) at 44 h so that only the first division cells were captured. Cultures were removed from the incubator at 72 h.
Hypotonic treatment was done using 5.6 g/l KCL (Sigma) solution at 4°C and the samples were centrifuged at 800 rpm for 8 min. The supernatant was removed by suction. The cell pellet was resuspended in 5 ml of freshly prepared fixative (3:1 methanol:acetic acid) which was added slowly while agitating the tube for uniform distribution of cells within the suspension. The tubes were washed repeatedly and re-suspended in three changes of fixative.
Cells from one culture were dispensed onto two slides and air dried. Both slides were stained by conventional Giemsa (Sigma) staining by immersing them in 2% aqueous Giemsa stain for 6 min, briefly rinsing in distilled water and allowing to dry, and then mounted.
One thousand BN lymphocytes were examined for each individual for the presence of micronuclei using a 400× magnification for surveying the slide while 1000× magnification was used to confirm the presence or absence of micronuclei in the cells. Scoring criteria laid out by the International Atomic Energy Agency were used for choosing BN cells to be scored and scoring micronuclei (1). This process was replicated by three scorers. The average of all scores was taken as the final score.
The nuclear division index (NDI) was calculated using the following formula. 
Data analysis
Participant characteristics and MN frequency were described using descriptive statistics. The skewnesss and kurtosis of MN frequency was 1.85 and 3.56, respectively; the skewnesss and kurtosis of micronucleated cells was 1.89 and 3.94, respectively (KolomogorovSmirnov test significance <0.001 for both). As the distributions of the MN frequency and the micronucleated cell counts were not normally distributed,, the median (IQ range) were obtained and non-parametric tests were used for comparing different groups. Continuous variables were compared using the Mann-Whitney U test and the Kruskal-Wallis test. Associations between variables were analysed using the Spearman rank correlation coefficient. P values less than 0.05 were considered significant. Multiple regression analysis was used to identify predictors of MN formation. Statistical analysis was done using SPSS for Windows (24) .
Ethical issues
Ethical approval for the study was obtained from the Ethics Review Committee of the Faculty of Medicine, University of Kelaniya.
Results
The study comprised 53 employees of LMS who had been in service for at least 12 months, 25 residents within a 5-km radius from LMS, 25 residents between 20 and 25 km from LMS and another 29 residents 50 km away from LMS.
There were only a few females in this age group working at LMS and the proportion of women among the LMS employees was significantly less than that in the other three groups (P = 0.001). The durations of residence among persons living within 5 km and between 20 and 25 km from the LMS were significantly higher than those residing at LMS and those residing >50 km away from the LMS. Sri Lankan Moors comprised the major ethnic group (45.5%) especially in the Pulmoddai area (LMS group and those residing within 5 km of the LMS). Sri Lankan Tamils comprised 34.8% of the population ( Table 1) .
The distribution of risk factors among the study groups is given in Table 2 . Almost 40% of LMS employees gave a history of exposure to X-rays which was significantly higher than in the other groups (P = 0.004). Betel chewing was not reported among persons residing 50 km away from the LMS; the proportions of persons chewing betel were similar in the other three groups all of which were significantly different from that of persons residing >50 km away from LMS. History of smoking and alcohol consumption were similar in all groups.
The median Nuclear Division Index (NDI) in the study groups is shown in Figure 1 . The NDI was significantly different between the groups (P = 0.040), the highest median of 1.53 being in the LMS employees which was significantly higher than that in the group resident within 5 km from LMS (P = 0.018).
The median frequency of micronuclei in the study groups is shown in Figure 2 . There was a significant difference in the median micronuclei between the groups (P = 0.006). The median MN frequency per 1000 BN cells of LMS employees was significantly higher than those residing 20-25 km and >50 km from the LMS (P = 0.003 and P = 0.048, respectively). There was no significant difference in the median MN frequency between employees of LMS and the group residing within 5 km from LMS (P = 0.529).
There was no significant difference in the MN frequency or the number of micronucleated cells between the three ethnic groups (P = 0.299). There was no significant correlation between MN frequency and age (r = −0.037, P = 0.676). The duration of residence correlated negatively with the MN frequency (r = −0.213, P = 0.014). There was no difference in the median MN frequencies between resident employees at LMS and the employees residing within 5 km of LMS (P = 0.097). Table 3 gives the median frequencies of micronuclei among study participants by sex and selected risk factors. There was no significant difference in the MN frequency between the two genders (Mann-Whitney U = 1916.5, P = 0.695). The median MN frequency among study participants exposed to X-rays was significantly higher than that of participants not exposed to X-rays (P = 0.008). Study participants who chewed betel, smoked or consumed alcohol had a higher median MN frequency, though not statistically significant, compared to those without such a history (P = 0.112, P = 0.648 and P = 0.450, respectively).
The MN frequency correlated negatively with the distance from the LMS (r = −0.207; P = 0.017). On multiple regression analyses using MN frequency as the dependent variable, being a resident in Pulmoddai and being exposed to X-rays were significant predictors of MN formation after controlling for each other. Being a resident of Pulmoddai increased the MN count by 0.474 per 1000 BN after controlling for exposure to X-rays. Exposure to X-rays increased the MN count by 0.397 per 1000 BN after controlling for residency in Pulmoddai (Table 4) .
Discussion
There was a significant difference in the median MN frequency among those employed at LMS and those residing 20-25 and 50 km away from LMS. The median MN frequencies among the LMS group and those residing within 5 km of LMS were similar; the median MN frequency among those residing 20-25 and >50 km from LMS were also similar. This confirmed our a priori hypothesis of a significantly higher MN frequency among those employed at LMS. Multiple regression analysis also confirmed that residents in the vicinity of LMS are at increased risk of MN formation probably due to the presence of high background radiation in these areas (25) . Given that LMS is located on a placer deposit of monazite spread along the eastern coast of Sri Lanka and that during the separation process of mineral sands suspended dust particles, with radionuclides such as 232 Th, 226 Ra, 210 Pb and 40 K that on decay produce α, β and γ rays, are generated, employees of LMS and the residents within 5 km are likely to be exposed to relatively high levels of radiation. The Pulmoddai deposit is estimated to be about 6 km in length and 100 m in width (26) . The significantly lower MN frequency in those residing more than 5 km compared to those residing within 5 km from LMS is due to the lower exposure to background radiation in the former group.
The mean duration of residence was over 25 years for all study groups except employees of LMS. Although there were significant differences in the duration of residence among the study groups, LMS employees had the lowest mean of 16.29 years; this duration of residence was sufficient for an adequate dose of background radiation to have a significant effect on MN formation.
The majority of the employees at LMS were males which led to a significant gender difference between the study groups. There was no significant difference in the male: female ratio among the other groups. Many studies have reported statistically significant gender differences in MN frequency. Some studies have reported a higher prevalence of micronuclei in females (9, 11, 27) while others have reported a higher prevalence of micronuclei among males (28) . In this study, there was no significant gender difference in MN formation in any of the study groups as some studies have previously reported (29, 30) .
The mean nuclear division index in all four groups was within the recommended values of 1.3-2.2 (12) and it was assumed that cell division was comparable in these cultures. In this study, the duration of residence varied between the study groups and it was significantly and negatively correlated with MN frequency; LMS employees had the shortest duration of residence in the area but the highest MN frequency compared to the other groups. Exposure to higher radiation frequency among LMS employees may have caused this.
Persons with a history of exposure to X-rays could not be excluded during sample selection. LMS employees being state sector employees have to undergo regular medical examinations including investigations such as chest X-rays. A time frame for exposure to X-rays was set as an inclusion criterion to exclude persons who have been exposed to X-rays within 12 months of recruitment. The effective radiation dose received by a chest X-ray is about 0.1 mSv which is equivalent to 10 days of background radiation that includes both cosmic and terrestrial radiation (31) . Previous studies have reported higher MN frequencies among persons occupationally exposed to X-rays (15, 17) . In this study, there was a significant difference in the MN frequency among those exposed to X-rays before 12 months of recruitment in to the study and those never exposed to X-rays.
We attempted to study MN formation among persons not exposed to X-rays, among non-smokers and persons who did not consume alcohol or chewed betel. It was difficult to recruit a sample comprising such persons, and hence an adjustment was made during analysis to control for these factors.
The plasma levels of different vitamins and micronutrients (e.g. ascorbic acid, α-tocopherol, β-carotene and zinc) should have been assessed which would have enabled a better interpretation of the result as nutritional factors affect MN formation. Data on diet were not gathered in this study as estimation of micronutrient levels based on a food frequency is scanty for Sri Lankan food preparations. As the MN frequency alters with excess or deficiency of vitamins and micronutrients, a quantitative food frequency questionnaire could have improved interpretation of the results.
As the LMS was about 350 km from the laboratory where analysis was done, blood samples were at ambient temperature while being transported from the study area to the laboratory. The time from blood drawing to culture was about 12 h which may have been an advantage as in other studies it has been shown that longer the blood samples are at ambient temperature, the higher the MN frequency (2). The ideal temperature for keeping samples before culture is between 5°C and 22°C; culturing within 24 h is recommended (12) . The samples were not refrigerated as it is known to increase MN formation (12) . The high temperatures such as above 40°C for 5 min have been reported to increase MN frequency (32) . In another study on MN frequency in Chinese hamster lung cells, exposed to temperatures above 30°C for 24 h increased MN frequency. The mean average temperature in the study areas in Sri Lanka ranges between 26.5°C and 28.5°C (33) . As the samples were not exposed to temperatures above 30°C and cultured within 12 h from collection, variation in temperature during transport is likely to have had only a slight effect on the MN frequency.
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